The origin of the chordate central nervous system (CNS) is unknown. One theory is that a CNS was present in the first bilaterian and that it gave rise to both the ventral cord of protostomes and the dorsal cord of deuterostomes (reviewed in [1]). Another theory (reviewed in [2] ) proposes that the chordate CNS arose by a dramatic process of dorsalization and internalization from a diffuse nerve net coextensive with the skin of the animal, such as enteropneust worms (Hemichordata, Ambulacraria) are supposed to have [3] . We show here that juvenile and adult enteropneust worms in fact have a bona fide CNS, i.e., dense agglomerations of neurons associated with a neuropil, forming two cords, ventral and dorsal. The latter is internalized in the collar as a chordate-like neural tube. Contrary to previous assumptions, the greater part of the adult enteropneust skin is nonneural, although elements of the peripheral nervous system (PNS) are found there. We use molecular markers to show that several neuronal types are anatomically segregated in the CNS and PNS. These neuroanatomical features, whatever their homologies with the chordate CNS, imply that nervous system centralization predates the evolutionary separation of chordate and hemichordate lineages.
Hemichordates, together with echinoderms, are the sister group of chordates [4] . They include enteropneust worms and pterobranches [5] . The nervous system of enteropneusts, whose body plan is probably less derived than that of the echinoderms, plays a major role in hypotheses about the origin of the chordate central nervous system (CNS). These hypotheses, however, are based on divergent interpretations of the neuroanatomy of enteropneusts. Some authors [6, 7] , following the description by Bateson [8] and others (reviewed in [9] ), surmise that enteropneusts are equipped with a CNS composed of ''cords,'' as in spinal cord (of vertebrates) or ventral nerve cord (e.g., of annelids). Because enteropneusts have two cords, one ventral and one dorsal [9] , opinions vary as to which is homologous to the chordate CNS (reviewed in [2] ). However, following a more recent tradition initiated by Bullock [3, 10] and Knight-Jones [11] , the currently proposed view dismisses these ''cords'' as mere ''conducting tracts'' [11, 12] or ''through-conducting neurite bundles'' [2] lacking neuronal cell bodies [12] . From this viewpoint, enteropneust worms have no bona fide CNS [12] , only an ''epidermal nerve net'' coextensive with the skin of the animal and possibly homologous, as a whole, to the vertebrate CNS [11, 13] . This ''nerve net,'' also described by Bateson [8] , is thought to consist of neuronal cell bodies densely distributed among epithelial cells throughout the entire body of the animal and whose projections form a fiber layer underneath, ubiquitous albeit thickened at the level of the ''cords.'' The conflict between the ''centralized'' and ''diffuse'' views of the enteropneust nervous system becomes particularly acute concerning the collar cord, a subepidermal continuation of the trunk dorsal cord in the collar or mesosome ( Figure 1A ). The internalization of the dorsal cord at the level of the collar occurs by ingression (in Saccoglossus [14] ) or invagination (in ptychoderids [9, 15] ) and was originally proposed to be homologous to neurulation in chordates [16] . ''Giant nerve cells'' have been described as specific to the collar cord [3, 11, [17] [18] [19] , reinforcing its status as a CNS. However, the existence of these cells has been questioned [20] , and the collar cord has been deemed a ''submerged strip'' of otherwise unremarkable epithelium [10] .
The coexistence of these two theories, which invite divergent evolutionary scenarios [2] , is only allowed by the scarcity of histological data. To help resolve the issue, we examined the neuroanatomy of juvenile and adult enteropneusts by in situ hybridization (ISH) and immunofluorescence with a set of pan-neuronal and neuron-type-specific probes.
As a model species, we chose Ptychodera flava, an enteropneust with indirect development in the family Ptychoderidae. We first cloned and examined the expression of a P. flava homolog of Elav (HuC/D), which codes for an RNA-binding protein expressed in neurons [21] (see Figure S1 available online). On transverse sections through the collar or mesosome of adult animals, the only prominent signal was in the collar cord ( Figure 1B ). At higher magnification and when counterstained with DAPI and anti-a-tubulin immunohistochemistry, the Elav signal appeared confined to a bilateral ventral cluster of cells in the floor of the cord, on either side of a narrow medial gap and separated from the lumen by Elav 2 cells ( Figure 1C ). The much thinner roof of the cord did not express Elav. A second pan-neuronal gene, Synaptotagmin I, which encodes a protein involved in neurotransmitter release [22] (Figure S1 ), was expressed in the same pattern described for Elav ( Figure 1D ). The ventral concentrations of Elav + /Synaptotagmin + cells overlaid a thick mass of fibers devoid of Elav/Synaptotagmin signal but strongly labeled with anti-a-tubulin ( Figures 1C and 1D ). This fiber layer, although previously described as made exclusively of longitudinally coursing axons [3, 20] , contained instead many dorsoventrally or randomly oriented fibers, some emerging from the overlying cell bodies, as would be expected of a neuropil ( Figures 1E and 1F) . The overall arrangement of cells and fibers of the collar cord was *Correspondence: jfbrunet@biologie.ens.frthus reminiscent of the vertebrate neural tube (compare Figures 1G and 1H) , with equivalents of a lumen, a mantle layer (or gray matter) made of neuronal bodies, and a marginal layer (or white matter) made of nerve fibers. The collar cord also has structures that correspond topologically to a neuron-free dorsal ''roof plate,'' a ventral ''floor plate,'' and a ventricular zone.
Caudal to the collar, the cord opens to the outside through a neuropore, and its fibrous layer continues in a superficial position (i.e., no longer internalized) in the form of a ''dorsal cord'' [9] . Similarly, the population of neurons in the floor of the collar cord continues along the dorsal midline of the trunk, although now superficially located and overlying the fibers (Figures 2A and 2B ; Figure S2 ). On the ventral midline is an equivalent, if slightly larger, concentration of neurons overlying the fibers of the ''ventral cord'' (Figures 2A and 2C ; Figure S2 ). Just behind the collar, the so-called ''peripharyngeal nerve ring'' [11] or ''circumesophageal tract'' [2] connecting the ventral cord with the dorsal cord shows the same histological structure (Figures 2A and 2B ; Figure S2 ), demonstrating that it also is a nerve center. Rostral to the anterior neuropore, the collar cord continues in a superficial position and widens to cover the dorsal half of the proboscis stem, where both neuronal and fiber layers are thickest (Figures 2A, 2D , and 2E). Further rostrally, this neural plate-like structure extends ventrally to fully encircle the stem just behind the proboscis proper ( Figure 2D , inset). Outside of the cords and the neural plate of the proboscis stem, which together form the enteropneust CNS, Elav + cells can be found, interspersed with nonneuronal cells, throughout the proboscis ( Figure 2F ) at a density lower than 2 neurons per 100 nonneuronal cells and in the inner folds of the collar ( Figure S2 ). Few neurons are visible on the outer surface of the collar ( Figure 2G ) or in the trunk epithelium ( Figure 2H ) (less than 2 neurons per 1000 nonneuronal cells). We propose that these scattered neurons in the skin constitute a peripheral nervous system (PNS), as found in cephalochordates (e.g., [23, 24] ) or urochordates (e.g., [25, 26] ). Finally, neurons are scattered in the endodermal lining of the pharynx ( Figure 2I ).
Juvenile specimens of Saccoglossus kowalevskii have been reported, based on Elav expression, to lack any concentration of neurons [13] . In contrast, ISH with Elav on the collar region of an adult specimen of Saccoglossus showed a concentration of Elav + cells at the same position as in P. flava (compare Figure 2J with Figure 1C ) (see also Figure S3 ). Thus, in agreement with classical drawings [9] , the collar cord has essentially the same structure across genera, the major yet superficial difference being the morphology of the lumen-open in ptychoderids, collapsed in harrimaniids-possibly owing to the different modes of neurulation. Outside of the collar cord, the anatomy of the nervous system of S. kowalevskii was very similar to that of P. flava ( Figure S3 ).
To determine whether this condensed nervous system somehow arises from an early, more diffuse state, we examined metamorphic specimens of P. flava towed from the plankton ( Figures 3A and 3A 0 ). ISH with Elav on whole-mount embryos and on sections revealed a discrete signal in the dorsal and ventral cords ( Figures 3B-3D) showing that, from the earliest stage of metamorphosis, the nervous system of P. flava has a centralized component. How can one reconcile the cord system of ptychoderids and adult harrimaniids with the diffuse Elav expression described in juvenile S. kowalevskii [13] ? A possible answer is that the development of harrimaniids is misleadingly called direct and would be better characterized as indirect but ''abbreviated'' [9] : several structures of the hatching animal (apical tuft, telotroch, and postanal tail) are later lost, together with its swimming behavior. Similarly, the homogeneous distribution of neurons reported in S. kowalevskii juveniles could represent a short-lived larval nervous system suited for the brief motile phase of the animal's existence, with no stronger connection to the adult CNS than the ciliated bands of ptychoderids' tornaria larvae [7, 27] . In line with this, a dorsal midline concentration of Elav-positive cells has been reported in late S. kowalevskii juveniles [13] . The widespread ectodermal expression of anteroposterior patterning genes, which in some cases is interrupted or modified on the dorsal midline [13] , as well as dorsoventral patterning genes [28] should be reexamined in relationship to the newly described CNS. Finally, it is possible that part of the juvenile-or larval-diffuse nervous system of S. kowalevskii is fated to become the PNS of the adult, especially in the proboscis.
We then asked whether different types of neurons reside in specific regions of the CNS or PNS. Histologically, we failed to identify any giant nerve cell [17, 18] in the collar cord, in agreement with a previous report that these cells are not readily distinguishable in Ptychoderidae [18] . We then examined the occurrence of the neurotransmitter phenotypes cholinergic, serotonergic, and GABAergic with a VAChT probe-coding for the vesicular acetylcholine transporter ( Figure S1 )-and antibodies against 5-hydroxytryptamine (5-HT, serotonin) and GABA, respectively. Numerous giant 5-HT neurons, in the absence of 5-HT fibers, have been recently reported in the collar cord of another ptychoderid, Glossobalanus berkeleyi [19] . The arrangement was the opposite in P. flava, whose collar cord was rich in 5-HT fibers but devoid of 5-HT cells ( Figure 4A ). However, 5-HT cells were abundant in the PNS ( Figure 4B ; Figure S4 ). By far the highest density of GABAergic neurons was found in the neural plate at the base of the proboscis ( Figure 4C ), but some were also detected in the ventral and dorsal cords and in the PNS of the proboscis ( Figure S4 ). Finally, VAChT was expressed in a few cells per section in the cords ( Figure 4D ; Figure S5 ) and in a dense dorsal cluster in the anterior neural plate, at the level where it surrounds the proboscis stem ( Figures 4E and 4F) . No VAChT expression was detected in the PNS.
We then cloned and examined the expression of two neuron-type-specific transcription factors, Drg11 and Hb9/ Mnr2 (Figure S1 ), chosen for their marked level of neurontype specificity in chordates. In vertebrates, Drg11 is largely specific for somatic sensory neurons of the CNS and PNS [29, 30] . Inside the vertebrate nervous system, Hb9 is specific for somatic motoneurons [31] and a subclass of interneurons [32] in the spinal cord and hindbrain. It is also expressed in somatic motoneurons in larval urochordates [33] and possibly cephalochordates [34] , as well as in protostomes [35, 36] . In P. flava, Dgr11 + neurons and Hb9 + neurons were found in the collar cord ( Figures 4G-4I ), proboscis stem, and ventral and dorsal cords ( Figure S5 ). An occasional Drg11 + neuron (data not shown) but no Hb9 + neurons were found in the PNS of the proboscis or collar folds. Although more markers are needed to better understand the neuroanatomy of enteropneusts, two notions already emerge from our analysis. First, the phenotypes that we have diagnosed are anatomically segregated: Drg11 + , Hb9 + , and cholinergic neurons are preferentially or exclusively located in the CNS, whereas 5-HT neurons are restricted to the PNS, further arguing for the different nature of these two parts of the nervous system. Second, if cell types are used as an argument for organ-level homology [37] , then the entire cord system or CNS of P. flava would correspond to the spinal and hindbrain levels of the vertebrate CNS, where Hb9 + and Dgr11 + cells are confined (notwithstanding a midbrain and diencephalic expression of Drg11 apparently specific to teleosts [38] ).
Conclusions
The nervous system of enteropneust worms is much more localized than previously believed. In one of the last histological studies published to date ( [10] , reviewed in [3] ), the ''astounding'' abundance of neurons said to reside throughout the adult animal's skin were never ''distinguishable with certainty'' and were deduced from ''strong presumptive evidence.'' The second and last study [11] , although referring to a ''richly nervous epidermis [possibly] homologous with the neural plate of vertebrates,'' in fact did not show any neurons in the collar or trunk outside the cords. We have shown that these neurons do exist but are relatively rare and would be best described as a PNS. Apart from them, the nervous system of enteropneusts consists of cord-like masses of neurons overlying a neuropil. Moreover, the dorsal cord is internalized at the level of the collar in a manner indistinguishable from the chordate neural tube. A CNS has also been described in pterobranches in the form of a ganglion situated at a position similar to that of the enteropneusts' collar cord [39] [40] [41] , suggesting that whether pterobranches are the sister group of enteropneusts [5] or are nested in their midst [42] , the possession of a CNS is primitive for hemichordates. The present findings suggest that it is implausible that the enteropneust skin is homologous to the chordate CNS and reopen the possibility that some portions of its nerve cords are, instead. The data provide no reason to favor the ventral over the collar cord, or vice versa, as homologs of the chordate CNS (as variously suggested in [6, 7, 19, 43] ), because the neuron types identified so far are present throughout the cord system. It is notable that the collar cord, a bona fide neural center, and its anterior continuation on the proboscis stem constitute a spatial impediment to the evolution of a new mouth in chordates, as required by the dorsoventral inversion hypothesis [6, 44] . At this stage of our knowledge, it remains possible that what is conserved, constituting a kind of ''deep homology'' [45] of neural development between hemichordates and chordates, and possibly protostomes as well [1] , is not the CNS itself but the ontogenetic module giving rise to it, which would have been deployed at different sites of the body-sometimes at multiple sites-in different lineages [46] .
Experimental Procedures
Animal Collection Adult P. flava were collected at low tide on Paiko Beach on the southern shore of Oahu (HI, USA), and metamorphic specimens were towed from the plankton 2 miles south of Honolulu. Animals were treated for immunofluorescence or in situ hybridization as detailed in Supplemental Experimental Procedures.
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